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Solution structure of the donor site of a trans-splicing RNA
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and David Hirsh1
Background:  RNA splicing is both ubiquitous and essential for the maturation
of precursor mRNA molecules in eukaryotes. The process of trans-splicing
involves the transfer of a short spliced leader (SL) RNA sequence to a
consensus acceptor site on a separate pre-mRNA transcript. In Caenorhabditis
elegans, a majority of pre-mRNA transcripts receive the 22-nucleotide SL from
the SL1 RNA. Very little is known about the various roles that RNA structures
play in the complex conformational rearrangements and reactions involved in pre-
mRNA splicing. 
Results:  We have determined the solution structure of a domain of the first
stem loop of the SL1 RNA of C. elegans, using homonuclear and heteronuclear
NMR techniques; this domain contains the splice-donor site and a nine-
nucleotide hairpin loop. In solution, the SL1 RNA fragment adopts a stem-loop
structure: nucleotides in the stem region form a classical A-type helix while
nucleotides in the hairpin loop specify a novel conformation that includes a helix,
that extends for the first three residues; a syn guanosine nucleotide at the turn
region; and an extrahelical adenine that defines a pocket with nucleotides at the
base of the loop.
Conclusion:  The proximity of this pocket to the splice donor site, combined with
the observation that the nucleotides in this motif are conserved among all
nematode SL RNAs, suggests that this pocket may provide a recognition site for
a protein or RNA molecule in the trans-splicing process.
Introduction
Trans-splicing involves the transfer of a short RNA tran-
script, cleaved from a larger donor molecule, to a consen-
sus acceptor sequence on a separate pre-mRNA transcript.
Nematodes employ both trans-splicing and cis-splicing in
the maturation of precursor mRNA (pre-mRNA) mol-
ecules [1–3]. In Caenorhabditis elegans, the 22-nucleotide
spliced leader (SL) of the SL1 RNA, the first nematode
SL RNA to be identified [4], is transferred to approxi-
mately 70% of pre-mRNA molecules [5]. Other SL RNAs
have since been discovered [6,7]. The function of trans-
splicing is not yet known, but hypotheses that the SL
could be a translational enhancer or a signal for RNA
transport have been proposed.
In the hypothetical prebiotic RNA world, all pre-mRNA
introns would have been self-splicing [8,9]. As a vestige of
that time, the Group I and Group II introns of Tetrahymena
still carry out their own cleavage in the absence of protein
components [10,11]. The modern eukaryotic spliceosome
fulfills the same purpose but is highly specialized,
employing five recyclable small nuclear RNA molecules
(snRNAs) bolstered structurally and perhaps enzymati-
cally by a complement of proteins. In common with the
snRNAs, SL RNAs have a defined secondary structure,
bear a trimethylguanosine cap on their 5′ ends, contain an
Sm (an antigen associated with small nuclear ribonuclear
particles) binding site between two stem-loops, and are
associated with proteins to form small nuclear ribonucleo-
proteins [12–16]. Thus, by all criteria, the SL1 RNA is an
snRNA. The chemical mechanism of trans-splicing is
thought to be identical to both cis-splicing of pre-mRNA
and self-splicing by the Group II introns [9]. We speculate
that the SL RNA may be an evolutionary intermediate
between the self-splicing intron domains and snRNAs of
the spliceosome.
The secondary structure of the SL1 RNA sequence of 
C. elegans is a fold comprising three stem loops. We under-
took an investigation of the structure of the first stem loop
of the SL1 RNA for several reasons. RNA splicing is both
ubiquitous and an essential event in the maturation of pre-
mRNAs. This molecule may represent a functional link in
the evolutionary development of the splicing machinery.
The first stem loop of the SL1 RNA from the nema-
tode C. elegans contains, within a unimolecular construct, 
the splice-donor site and a complementary-base-paired
sequence. This is reminiscent of the pairing of the 5′ splice
site with the U1 snRNA in pre-mRNA splicing, that is, it
appears to be a chimera of U1 snRNA and the 5′ exon [12].
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The structural features of the SL1 RNA splice-donor site
may be similar to those of the donor site in other splicing
RNAs. In addition, structural studies of RNA molecules
involved in splicing reactions may provide insight into the
splicing process. Solution structures of several small and
model RNA molecules have been determined by proton
NMR techniques [17–19], and the structural features of
larger molecules have been investigated [20–23]. However,
for problems of greater size and complexity, the enhanced
resolution afforded by heteronuclear editing techniques is
necessary to obtain unambiguous resonance and cross-peak
assignments which in turn facilitate the extraction of inter-
proton restraints for structure calculations.
We present here the structure of a fragment from the first
stem loop of the SL1 RNA of C. elegans. The solution
structure, determined from homonuclear and heteronu-
clear NMR spectra and distance-restrained molecular
dynamics calculations, has been resolved to a level of defi-
nition not previously observed for a large RNA loop. The
loop is structured, and it contains a novel structure near
the splice site that could function as a docking site for a
protein or RNA molecule. 
Results and discussion
The design of RNA constructs and modification of the
first stem loop of the SL1 RNA were described previously
[24]. The goal of the modifications was to limit the size of
the molecule under investigation to the smallest fragment
that maintained all the structural features of the hairpin
loop and splice donor site. Enzymatic cleavage studies
showed that the first stem loop of the SL1 RNA is struc-
turally autonomous from the downstream part of the
sequence. As predicted, the first 36 nucleotides formed a
hairpin loop (subsequently also verified in [25]). Detailed
NMR analysis of proton chemical shifts of the native and
modified sequences of the first stem loop demonstrated
that the nucleotides of the upper stem and hairpin loop
(U9 through A25; Fig. 1a) have the same conformation in
both constructs. It was therefore concluded that the region
of the first stem loop comprising the internal loop and
splice-site regions exists as a structurally independent
unit, and the simpler 26-nucleotide RNA construct was
used for the structure determination (Fig. 1a). Complete
1H, 13C, and 15N chemical-shift assignments have been
previously reported for the modified fragment from experi-
ments employing multidimensional homonuclear and
heteronuclear NMR techniques of unlabeled, selectively
labeled and uniformly labeled RNA samples [24].
In order to calculate distances between proton pairs, a
series of two-dimensional (2D) homonuclear nuclear
Overhauser enhancement (NOESY) experiments were
conducted at four mixing times. Interproton distances
were calculated from the rate of NOE build-up derived
from these data or, in cases where peaks were overlapped,
were estimated from the intensity of cross peaks in het-
eronuclear-edited 3D NOESY–HMQC (heteronuclear
multiple quantum coherence) spectra. Input restraint sta-
tistics and restraint distribution plots are given in Table 1
and Figure 1b, respectively.
Structural models were generated from a simulated anneal-
ing protocol using the X-PLOR program [26]. Only the 19
nucleotides of the native structure were included in the
calculations; that is, the added terminal GC (Fig. 1a) base
pairs were omitted from the calculations. The overall
success rate of calculations (as judged by low overall energy
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Design of the SL1 RNA construct and per residue statistics.(a) Sequence
and predicted secondary structure of the SL1 RNA of C. elegans and of the
26-nucleotide fragment. The splice-donor site is marked by a triangle in the
full-length sequence. The guanosine and cytosine residues added to the native
sequence at the 5′ and 3′ termini of the fragment, respectively, form base
pairs. Structure calculations were limited to the nucleotides of the native
sequence without these added base pairs (i.e., between U8 and A26). (b)
Distribution of inter residue NOEs by residue (left); mean rmsd per residue for
the sixteen structures as compared with the minimized average structure
(right). The number of inter residue NOEs was counted once per proton pair.
and ≤1 distance violation; see the Materials and methods
section) was approximately 20% using an extended chain
of an A-type helix as the starting structure. There were no
consistent distance violations. Using the same criteria, the
success rate for calculations starting with distance-geo-
metry-generated structures was substantially lower (<5%).
A total of 45 successful structures, having a mean all-atom
root mean square deviation (rmsd) of approximately 1 Å
from the average structure, were generated from the
extended chain starting structure. A plot of the total rmsd
versus the number of structures in order of increasing con-
straint energy (see Materials and methods) established that
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Table 1
Constraints and statistics used in structure determination.
Distance constraints Stem+loop Loop
Total (includes 12 hydrogen-bond constraints) 299 138
Constraints involving exchangeable protons 24 1
Constraints from NOE build-ups (4 mixing times) 213 94
Constraints from planes of 3D spectra 62 43
Other constraints
Glycosidic torsion angles 13 6
Sugar dihedral angles 36 16
Figure 2
Ensemble of structures calculated from
distance and angle constraints. (a)
Superimposition of the ensemble of sixteen
calculated structures required to examine all
conformational space. The mean rmsd from
the minimized average structure for all heavy
atoms is 1.05 Å. (b) The loop (nucleotides
C13–A21) and stem segments for the same
structures were superimposed on the
minimized average structures, viewed from the
same aspect. The mean rmsd for all non-
hydrogen atoms from the minimized average
structure for the same segments is 0.91 Å
and 0.31 Å for the loop and stem,
respectively. The ensemble of transformations
required to achieve the best fit of loop
structures was 0.5 ± 13.5° in rotation and
–0.01 ± 0.46 Å in translation. The set of axes
for these transformations clustered with an
average of 36.3° (22.4° for the closest 10 of
the 16 structures) deviation from the average
axis of rotation.
an ensemble of the first sixteen structures (Fig. 2a) ade-
quately represents the conformational space available
within the experimental constraints. Of these sixteen struc-
tures, the mean rmsd from the minimized average structure
for all atoms was 1.14 Å for the entire stem-loop structure,
and better for the stem or loop alone (Table 2 and Fig. 2b).
Structures generated by this protocol were similar to
those generated by distance-geometry–simulated-anneal-
ing methods to within 1.5 Å of the average coordinates.
Overall structure description
As anticipated, the stem (consisting of residues U8–C12
and G22–A26) has all the hallmarks of an A-type helix
typical of double-stranded RNA (Fig. 3a). These features
include base-base stacking, C3′-endo sugar conformation
and characteristic groove widths. The base pairing pattern
verified the secondary structure predicted by the Wiscon-
sin Fold program [12]. The first three nucleotides on the 5′
side of the loop (C13, A14, A15) continue this helical
pattern, although the axis of the helix within the loop is
bent from that of the stem (Fig. 3b). Accordingly, backbone
torsion angles expected for an A-type helix are observed
throughout the stem and for the first three nucleotides of
the loop, with the exception of distortions of helical torsion
angles between C12 and C13 associated with the bend.
Reversal of the chain direction in the loop begins immedi-
ately 5′ of G16 which adopts a syn glycosidic conformation
(Fig. 4a). The orientation of the ribose of G16 is reversed
relative to that of A15, somewhat analogous to a CpG step
in Z-DNA [27]. The base points away from the loop
instead of stacking directly over the preceding base
(Fig. 4a), as found for the syn guanosine of the UUCG
tetraloop [17]. Although it is not clear why this base has
adopted the syn conformation, rotating the base about its
glycosidic bond into an anti conformation without chang-
ing any other loop parameters (using the Frodo program
[28]) results in collision of the base with its neighbor, 
U17. The three uridine nucleotides following the turn
have markedly irregular backbone angles when compared 
with helical values. The higher rmsd per residue amongst
superimposed structures for these uridine residues
(Fig. 1b, bottom) is inversely correlated with the number
of inter residue constraints (Fig. 1b, top); therefore, the
reduced definition in this region of the molecule is the
result of fewer inter residue NOEs to constrain the region
fully, which may be a consequence of increased mobility.
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Table 2
Quality and statistics of 16 structures calculated for the
modified hairpin.
Mean rmsd relative to minimized average structure*
Entire molecule 1.14 ± 0.34, 1.05 ± 0.36
Loop (nucleotides 13–21) 1.02 ± 0.25, 0.91 ± 0.24
Stem 0.45 ± 0.10.0, 33 ± 0.08
NOE violations (>0.1 Å) for the 16 structures 0–1
Maximum NOE violation (Å) 0.17
Rms difference from experimental restraints
Distance (Å) 0.0177–0.0205
Dihedral angles (°) 0.89–1.18
Rmsd values from ideal covalent geometry
Bond length (Å) (9.84 ± 0.21) × 10–3
Bond angles (°) 3.184 ± 0.050
Impropers (°) 0.404 ± 0.020
*All atoms, heavy atoms.
Figure 3
Two views of the hairpin loop that contains
the splice-donor site of the SL1 RNA. For this
and subsequent depictions, the nucleotides
are colored according to type: U=green,
A=pink, C=yellow , G=cyan. (a) The base-
paired stem (U8–A26, U9–A25, A10–U24,
C11–G23, C12–G22) has a typical A-helical
conformation. The first three nucleotides on
the 5′ side of the loop (C13, A14, A15) also
approximate an A helix, although there is a
bend in the axes of the stem and loop
between C12 and C13. (b) The view has
been rotated approximately 90° from (a). The
bulged adenine (A21), in purple, is apparent
at the base of the loop. The phosphate at the
splice-donor site, situated between G22 and
G23 in the 3′ side of the helical stem, is
shown in red.
The bases involved in the turn of the SL1 RNA loop are
not stacked, in contrast with those of the UUCG and
GNRA tetraloops [17,19]. 
The following nucleotide, G20, is partially stacked over
G22, the nucleotide forming the 5′ side of the splice site
(Figs 4b,c). The intervening base, A21, forms the most
striking feature of the loop. It twists out between the two
flanking guanosine residues and packs into the minor
groove formed by base pairing interactions between
C13–G20 and A14–U19 (Figs 3b,4b). All riboses between
G16 and A21, that is, those comprising the turn and 3′ side
of the loop, have significant C2′-endo character. The back-
bone bends sharply at A21 before returning to the helical
conformation of the stem (Figs 3b, 4b). 
The splice-donor site resides at the phosphate between
G22 and G23; both of these residues are involved in
Watson–Crick base pairs (Fig. 3). There is no evidence of
any unusual structural features distinguishing the splice
site (shown in red in Fig. 3) from the remainder of the
helical stem; there appears to be no structural vulnerabil-
ity in the splice-donor site, in contrast with the phosphate
at the cleavage site of the hammerhead ribozyme [29]. Our
observation suggests that the G22–G23 splice site is
‘marked’ for cleavage by a nearby recognition site. Such a
distinction between recognition and cleavage sites is seen
in the splicing of tRNA by RNase P [30–32], the a-sarcin
cleavage site in the sarcin-ricin loop [22], and the cleavage
sites of double-stranded DNA by Type II restriction
endonucleases such as Fok I [33].
The smaller rms deviations among superimposed struc-
tures for the isolated loop (nucleotides 13–21; Fig. 2b) and
stem (nucleotides 8–12 and 22–26) segments compared
with the entire molecule (Fig. 2a) suggest that the greatest
region of variability resides in the stem-loop junction
(‘above’ the C12–G22 base pair). In order to describe the
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Figure 4
Several views of the loop. (a) Close-up of the
turn in the loop. A buckled Watson-Crick base
pair forms between A14 and U19. The
orientation of the ribose of G16 flips with
respect to that of A15; the guanosine base is
in a syn conformation about its glycosidic
bond. (b) Conformation of nucleotides at the
base of loop. There is a hydrogen bond
between an amino proton of A21 and the
2′OH of A14. The base pair between C13
and G20 is twisted as a result of the sharp
bend in the backbone in the region of the
G20–A21–G22 trinucleotide. In most cases a
hydrogen bond is observed between the imino
proton of G20 and the O2 of C13, although in
this particular structure, the hydrogen bond
could involve the imino and/or an amino
proton of G20. (c) View from the ‘top’ of the
loop showing partial stacking of G20 and
G22 and of G20 with A14. Criteria for
identification of a hydrogen bond included 
a distance between the heavy atom and
hydrogen of less than 2.3 Å, and an angle
>135° between the vectors formed by the
hydrogen with the associated heavy atoms.
variability in the orientation of the loop to the stem, we
first superimposed the stem backbone coordinates for
each of the sixteen structures onto the minimized average
structure using INSIGHTII (Biosym Technologies Inc.)
and then analyzed the resulting dispositions of the indi-
vidual loops relative to the average using the TOSS
program [34]. The ensemble of transformations required
to achieve the best fit of loop structures involved essen-
tially pure rotations with a standard deviation of 13.5°
about a set of clustered axes. It is not clear at present
whether the variability in the angle of the bend is the
result of conformational flexibility or of the inherent
inability of NMR NOE constraints to define angles
between distant points. Future investigation of the
dynamics of the molecule will address this question.
The native sequence of the first stem loop of SL1 RNA
includes an internal loop adjacent to the U8–A26 base pair
(Fig. 1a); the fragment described here is a minimal domain
from which the nucleotides of the internal loop have been
deleted. The residues of the hairpin loop are too far away
from the U8–A26 base pair for any interaction to occur
between the residues of the two loops without substantial
distortion of the helical stem. No such difference between
the conformation of the helix in the presence or absence of
the internal loop was detected by NMR [24].
Inter-residue interactions in the loop 
Highly structured loops have been noted for some
tetraloops and the sarcin-ricin loop [22] (the extended
Watson-Crick pairing above a bulged region on the 5′ side
of this loop results in essentially a tetraloop); however,
they are not necessarily observed in larger loops in the
absence of a biological ligand, for example the U1 hairpin
in the absence of U1A protein [35]. A number of cross-
loop hydrogen-bonding interactions are observed in the
SL1 RNA structure, although no exchangeable reso-
nances attributable to imino protons within the loop were
detected in the 12–15 ppm region of the spectrum [24]
and no explicit hydrogen-bonding constraints were
imposed in the loop region. Exchangeable proton reso-
nances arising from the Watson-Crick base pair at the
stem-loop junction (C12–G22) are readily detectable in
the imino region of the spectrum; this slow exchange rate
may imply stability at the base of the loop. Hydrogen
bonds are formed between C13 and G20 in all of the
structures as a result of distance constraints, even when all
electrostatic and hydrogen-bonding terms were omitted
from the molecular dynamics protocol. As a consequence
of the backbone perturbations in the vicinity of the
G20–A21–G22 trinucleotide and the bend in the helical
axis between C12 and C13, the C13–G20 base pair is pro-
peller-twisted and slightly sheared (Fig. 4b). Although the
imino proton of G20 appears to form a hydrogen bond
with the 02 atom of C13 (9 out of 16 structures) its chemi-
cal shift (10.7 ppm) is more consistent with it not being
hydrogen bonded. It should be emphasized, however,
that G20 is flanked by the C12–G22 and A14–U19 base
pairs, as well as by A21, so that even in the absence of
base pairing, its imino proton is protected from exchange.
Canonical Watson-Crick interactions are observed
between A14 and U19, although the base pair is slightly
buckled (Fig. 4a). The U19 imino proton was not
observed in any of the exchangeable proton spectra but
this may be due to rapid exchange with the solvent.
Cross-loop phosphate–phosphate distances for this region
of the loop (in the range of 11.5 Å) are not significantly
wider than those of the stem (~11.4 Å). The A21 base
moiety, situated on the minor groove side of the C13–G20
and A14–U19 base pairs, is stabilized by a hydrogen bond
between its amino group and the ribose of A14. Twelve
out of 16 structures show a hydrogen bond to the O2′ and
3 out of 16 structures to the O4′ atoms of A14.
Base stacking interactions also contribute to the stability
of the loop. In addition to stacking of the nucleotides on
the 5′ side of the loop and a partial stacking of G20 over
G22, A14 is partially stacked over G20 (Fig. 4c). A space-
filling model of the structure indicates no anomalous gaps
within the loop or in the packing of A21 against the loop,
implying close van der Waals contacts throughout.
Unique conformation of the bulged adenine
Previous NMR examinations of DNA and RNA duplexes
with up to three bulged adenosines have shown that the
extra bases were stacked into the helix, resulting in a bend
in the axis of the helix away from the bulged nucleotides
[36,37]. The bend observed between C12 and C13
appears to be the result of the positive roll of the C13–G20
base pair that is, in turn, a consequence of the sharp bend
in the region of the G20–A21–G22 trinucleotide on the
other side of the loop. The bulged adenosine seen in this
model appears to be a novel structural feature. A uridine,
not an adenosine, is found in this position in trypanosome
SL RNAs (trypanosome sequences and predicted folds are
shown in [12]); no information is available about the struc-
ture of the trypanosome loops. Pairing of the U1 snRNA
helps define, but is not sufficient for, recognition of the 5′
splice site of pre-mRNA in cis-splicing. Interestingly, as in
the nematode SL RNAs, the splice donor consensus site
in pre-mRNAs also generally has an adenosine two
nucleotides 5′ to the splice site [38]. Other pairing interac-
tions involving the 5′ splice site of pre-mRNA molecules
take place prior to splicing [38,39]; perhaps subsequent
rearrangement and pairing of these nucleotides with other
snRNAs results in a conformation analogous to that seen
in the SL1 RNA loop. It cannot, however, be ruled out
that the SL RNA cleavage site is shielded from premature
reaction by pairing with the 5′ side of the stem (analogous
to the proposed role for the 5′ splice site/U1 pairing in cis-
splicing [38]) and that a conformational change takes place
prior to splicing.
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The molecular surface calculated and rendered by the
GRASP program [40] reveals an intriguing structural
feature: a deep pocket bounded by the A21 base as the
‘roof’, the G22–C12 base pair as the ‘floor’, and the back-
bone between A21–G22 as its ‘side wall’ (Fig. 5). The
pocket is roughly 6 Å in diameter and 5 Å deep, dimen-
sions that could accommodate either an amino acid side
chain or a nucleotide base in the absence of specific
binding by divalent cations (no specific binding of Mg2+
ion was detected in NMR experiments [24]). 
Perhaps this structural element forms a recognition site to
which protein or RNA binds and carries out the hydrolytic
step of the splicing process. The nucleotides involved in
formation of this motif (5′–C–C–C–(Xn)–R–A–G–G–3′,
where R is a purine) are those conserved among all known
SL RNA molecules in C. elegans [6,7]. These observations
lead to our hypothesis that a conserved recognition site
exists at the base of the loop in each of the SL RNA mol-
ecules, at a fixed distance from the splice-donor site, and
maintains a critical role in splicing. In some nematode SL
RNAs, an adenine is in the relative position occupied in
this structure by G20. In those sequences, a sheared base
pair could potentially be formed involving a hydrogen
bond between an amino proton of the adenine and the N3
of the cytosine, which would still maintain the extrahelical
adenine (A21 in this structure) and the structural motif
seen here. The remaining loop nucleotides, which differ
in sequence and number in other SL RNAs, are likely to
serve an essential function in a subsequent, and thus far
undefined, biological role following splicing onto mRNA;
in the SL1 RNA, however, these nucleotides function
only as a linker between the nucleotides involved in for-
mation of the pocket motif. These structure/function rela-
tionships of the SL RNAs  can be tested by the powerful
genetic methods available in C. elegans. 
Biological implications
Precursor mRNA molecules, in the process of their
maturation, are spliced. The most familiar form of
mRNA splicing, known as cis-splicing, is the unimolecu-
lar excision of an intron accompanied by the joining of
two exons. A variation on this theme is trans-splicing, in
which a short spliced leader (SL) RNA sequence is
cleaved from an SL RNA and transferred to an accep-
tor site on a separate pre-mRNA transcript. Trans-
splicing is an essential process in the maturation of
mRNAs of nematodes, trematodes, and trypanosomes.
The chemical mechanisms of cis- and trans-splicing are
thought to be identical. 
The lowest energy computer-generated secondary struc-
ture of the SL1 RNA sequence of Caenorhabditis
elegans, as well as of other nematode and trypanosome
SL RNAs, is a fold comprising three stem loops. The
first stem loop contains both the splice-donor site and a
complementary base paired region, mimicking the
pairing of the 5′ splice site of the pre-mRNA with the
U1 small nuclear (sn) RNA in the spliceosome prior to
cis-splicing. Thus, the SL RNA resembles a chimera of
the U1 snRNA and the 5′ exon.
Structural studies of RNA molecules involved in splic-
ing reactions may provide insight into the splicing
process. We present here the solution structure of a
fragment from the first stem loop of the SL1 RNA of
C. elegans that contains the splice-donor site and a nine-
nucleotide hairpin loop. The loop is highly structured,
and contains a deep pocket formed by a bulged adenine
at its base. The splice-donor site resides nearby, in the
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Figure 5
Surface representations of the first stem loop of the SL1 RNA. Surface
curvature of the molecule, as defined in [40], is displayed with
GRASP. The view of the molecule is identical to that shown in
Figure 3b. Convex surfaces are shown in green, and concave surfaces
in gray. The ‘roof’ of the pocket is formed by the A21 base, and the
‘floor’ is formed by the C12–G22 base pair.
A-helical stem. The proximity of the pocket to the splice
site, combined with the observation that the nucleotides
in this motif are conserved among all nematode SL
RNAs, suggests that it may provide a recognition site for
a protein or an RNA in the trans-splicing process.
Materials and methods
NMR sample preparation
The 26-nucleotide RNA construct was made by run-off transcription
using a plasmid DNA template. Heteronuclear NMR experiments were
carried out on RNA samples which had been transcribed with nucleo-
side triphosphates into which 15N and 13C had been incorporated [41].
One sample was uniformly labeled with 15N and 13C; a second was
uniformly labeled with 15N and semi-selectively labeled with 13C pre-
dominantly in the C1′ position. NMR sample concentrations were in the
range of 2.5–6.2 mM. A buffer of 10 mM sodium phosphate, pH 6.8,
0.1 mM EDTA, 50 mM NaCl was included in all samples.
NMR spectroscopy
2D NOESY spectra of non-exchangeable protons were obtained at
mixing times of 50, 100, 150, and 200 ms (with a cycle delay of six
seconds between transients). Volumes were measured for non-over-
lapped NOE crosspeaks that were unambiguously assigned. Distances
were calculated from the initial slopes of the NOE build-up curves. The
H5–H6 NOE crosspeak of C12 was chosen for distance calibration
(2.52 Å) because it was completely free of overlap; other H5–H6 NOE
crosspeaks that could be resolved had similar build-ups. Distances cal-
culated from regular NOE build-ups were assigned bounds of ±15%;
in cases where integration errors or contributions from spin diffusion
created some uncertainty in the initial rate of NOE build-up, bounds of
±30% were assigned. Approximately 100 crosspeaks that were over-
lapped in the homonuclear NOESY spectra were identified in 3D 13C-
edited NOESY–HMQC experiments acquired with mixing times of 120
and 400 ms. For those crosspeaks assigned from 3D data sets, dis-
tances were estimated as strong (1.8–2.7 Å), medium (1.8–3.6 Å),
weak (1.8–5.5 Å), or very weak (2.8–7.5 Å), according to intensity of
crosspeaks in the 120 ms spectrum. Cross peaks in these spectra
were not corrected for differential relaxation effects of protonated 13Cs.
Watson-Crick base pairs were constrained for those nucleotide pairs
verified in 2D NOESY spectra of exchangeable protons. No other hydro-
gen bonds were constrained. An artificial constraint was entered to
select for structures in which G20 is oriented toward the loop, consis-
tent with the protection of this imino proton from solvent. To be certain
that restriction of G20 to an inward orientation did not manipulate the
loop into an unfavorable conformation, the constraint was removed prior
to the cooling stage of the molecular dynamics simulation. Glycosidic
torsion angles were constrained according to ranges calculated from
H6/8–H1′ distances [42]. Those riboses that exhibited JH1′–H2′<2 Hz in
a high resolution double quantum filtered correlation spectrum were
constrained to an N-type sugar conformation (n0=0°±12°, n2=36°±4°).
JH1′–H2′ for G16, U17, U18, G20 and A21 were >6.5 Hz and were con-
strained to an S-type conformation (n0=–22°±10°, n2=–36°±4°). The
sugar conformation of U19 (JH1′–H2′ ~5.2 Hz) was left unconstrained.
Structure determination
Distance refined molecular dynamics were carried out using the
X-PLOR program [27]. Simulated annealing was performed using either
a single-stranded A-type helix or structures derived from metric matrix
distance geometry as starting structures. The molecule was heated
from 5 to 2000 K in 4 ps and restraints were introduced during a 10 ps
equilibration. The molecule was cooled to 275 K in 6.8 ps, and energy
minimization was carried out following a 10 ps equilibration. Electrosta-
tic interactions were included in the potential energy function. Counter-
ion and solvent effects were mimicked by reducing the phosphate
charges and including a distance-dependent dielectric function, respec-
tively. The van der Waals interactions were limited to the repulsion term.
The respective control calculations were performed to eliminate any
bias introduced by the force field, the criteria used for assigning dis-
tance bounds, and the choice of starting structure models: all electro-
static and hydrogen bonding terms were excluded in the potential
energy function; all long-range (>i±1) constraints in the loop derived
from NOE build-ups were reassigned distances of strong, medium, or
weak (as for constraints derived from 3D spectra); and starting struc-
tures generated by distance geometry were used. In each of these
cases, results were not significantly different (rms deviation <1.5 Å)
from those achieved by the original calculations.
Criteria for selection of successful structures were Etot<–220 kcal mol–1
and 0–1 violation >0.1 Å. 45 successful structures were calculated
(overall success rate of approximately 20%). The number of structures
required in the ensemble to represent the available conformational
space consistent with the experimental constraints was determined.
This was carried out by monitoring the global rms deviation for all atoms
versus the average coordinates as a function of the number of struc-
tures, added in order of increasing constraint energy [43]. Based upon
this analysis, the first sixteen structures were included in subsequent
analysis (Fig. 6). The average of the sixteen structures was subjected to
restrained energy minimization.
Accession numbers
Coordinates for the sixteen final structures and the minimized average
structure have been deposited with the Brookhaven Protein Data Bank.
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